A brief review of the experimental data on the metastable DX-centers in AlGaAs is presented. The experimental proofs of the two-electron nature and of the intermediate, one-electron state of the DX-centers are discussed. We collect the available experimental data on the ground state, electron-emission and capture energies and we discuss the nature of the lattice barrier. The effect of splitting of these energies in AlGaAs alloys and the consequences of the splitting on the capture and emission kinetics are analyzed. The different character of the barrier and of the alloy splitting for donors of the IV and VI group is underlined. The necessity to consider the interdonor Coulomb interaction when discussing the experimental data is also pointed out.
Introduction
The name DX-center has been introduced to describe the unusual properties of the center induced by donor doping in AlGaAs [1] . These centers are characterized by, at least, two states: (i) a classical, hydrogen-like, shallow donor, which binds a single electron, and (ii) a deep, DX-state, which is separated by a barrier from the shallow one. In the majority of models used for describing DX properties a large lattice relaxation is postulated, i.e. a local rearrangement of the atoms from the donor vicinity is assumed to be the origin of the barrier, usually called the lattice barrier. The problem of the number of electrons bound on the DX-state has been a subject of discussion for the last few years. Now, it is commonly accepted that two electrons are bound on the DX-state, which means that the energy gain *This work is supported in part by the Committee for Scientific Research under grants resulting from electron-lattice coupling overcomes the energy of Coulomb repulsion between the two involved electrons.
The idea of center forming a two-electron (negative Hubbard energy U ) metastable state was introduced by Baraff et al. [2] . This idea was experimentally verifled by Watkins, who showed that a vacancy in silicon binds two electrons [3] . The metastability effect was explained by the pseudo-Jahn-Teller effect, i.e. a spontaneous breakdown of the local symmetry with the local lattice distortion governed by a minimization of the energy of the two electrons [4] . Some metastable defects were discussed assuming that the local lattice distortion, accompanying the one-electron state in itself, can lead to an effective lattice barrier and strong metastability. Porowski et al. [5] , Dmowski et al. [6] and Baj et al. [7] who investigated the metastable defects in III-V and II-VI compounds, later Lang with Logan [8] -for donor centers in III-V -and Piekara et al. [9] , Langer et al. [10] , and Dmochowski et al. [11] -for donors in ionic CdF 2 -tried to explain the metastability in the strong lattice relaxation approach. The coexistence of the shallow and deep states of the same donor center in CdF2 were explained by Langer and Dmochowski [10] [11] [12] with the Toyozawa model [13] .
The first-principle numerical calculations of the Si-induced DX-center in
•
GaAs were performed by Chadi and Chang [14] . They introduced a model of the twoelectron state showing that a large displacement of the cation from the lattice site in [111] direction (the group-IV donor or the neighboring host cation for the group-VI donor) is stabilized by capture of two electrons on the donor center. More precise calculations, which consider not only the twoelectron state but also the well-localized one-electron state of the donor, were performed by Dabrowski et al. [15] and fully confirm the microscopic model of Chadi and Chang [14] . Moreover, the configurational diagram (CD) presented by Dabrowski and Scheffler [15] not only explains the twoelectron nature of the DX-centers but allows also to analyze the electron capture and emission processes. Although the numerical error is too big to determine the sequence of the one-electron processes resulting in a capture or emission of two electrons with the simultaneous appearance of lattice relaxation, we will try to convince the reader that with the use of this CD the properties of the DX-centers can be classified and the experimental results can be discussed in a comprehensive way. It appears to be very difficult to present a review of the experimental data for DX-centers. There is a lot of inconsistency in the existing data. We will try to point out the difficulties and complications responsible for this inconsistency:
(i) The variety of experimental techniques which can be applied for the investigation of DX properties is strongly limited. Especially, spectroscopic techniques can be hardly applied. Neither EPR nor well-resolved optical transitions are observed. A broad spectum of the photoionization cross-section [16, 17] and a weak modification of the phonon absorption [18] are the only data which were analyzed. The interpretation of the magnetic circular dichroism spectra is controversial.
(ii) Since the nature of the DX-center is very specific, most of the experimental results should be analyzed with special caution and in a nonstandard way.
In particular, one should keep in mind the existence of a lattice barrier leading to metastability effects, the twoelectron nature of the DX-state, and tle alloy splitting of the energy levels. A standard analysis leads easily to misinterpretations and to inaccurate evaluation of the parameters. (iii) The DX-centers induced by different donors exhibit qualitatively different properties. Especially, the DX-centers with the group-IV donors differ qualitatively from those with the group-VI donors.
Tlus, to solve the DX puzzle, a re-evaluation, reinterpretation and a careful selection of the experimental data is necessary. In this paper we are going to present and to comment upon the most recent experimental results, taking into account (as much as possible) all the mentioned complications of interpretation. We begin with the presentation of the CD,sthey form the proper basis for discussion. Next, we analyze the data which allow to specify the details of these diagrams, i.e. the details of the DX nature.
Configurational diagram
The CD shows the dependence of the total energy of the donor states upon a generalized coordinate describing the local lattice distortion. The energy represents the sum of the electronic energy, the elastic energy of lattice distortion and the energy of electron-lattice interaction. As long as the electron-lattice interaction remains a linear function of distortion, the CD is composed of shifted parabolas, commonly used e.g. in the analysis of deep impurity states. In the case of large lattice distortion, however, when the lattice distortion becomes of the order of the lattice constant, the elastic energy is no more a quadratic function of distortion and the CD is usually much more complex.
In the case of a twoelectron state the diagram is additionally complicated, since one-and twoelectron states should be shown separately. Examples of CD for two electrons and one donor center are shown in Fig. 1 . The diagram 1a is based on the original diagram calculated by Dabrowski and Schemer [15] for the Si impurity in GaAs, while the diagram 1b representing the properties of the group-VI donor is anticipated basing on the recent experimental data for AlGaAs:Te. Both diagrams are simplified, since only the ground states of each electron configuration are plotted. The shallow donor energy is also omitted as for a large Bohr radius it follows the energy of the conduction band. The solid line describes the energy of the state which binds two electrons, εD -. The minimum occurring at a large distortion corresponds to the DX-state. The dashed line describes the energy of the system with one electron bound on a well-localized D0 state, εD 0, while the second electron is in the conduction band, εCB. Dotted lines describe the case when both electrons are in the CB and they have a negligible kinetic energy. The depicted energy is an algebraic sum of 2εCB and the elastic energy of lattice distortion. To account for the kinetic energy of conduction electrons the dashed and dotted lines should be shifted by the kinetic energy of one electron or two electrons, respectively. According to Dabrowski and Schemer [15] a photoionization of the DX-center corresponds to the transition from the two electron DX minimum to the D0 +eCB state. This transition occurs without any change of the lattice distortion. The transition energy is expected to depend on the CB energy and the observed dependences of the photoionization edge on alloy composition [18] and applied hydrostatic pressure (HP) [19] confirm the proposed model. An additional comment is needed for the D0 state in an unrelaxed lattice. Tle energy of this state is higher than that of the shallow donor state. From this point of view it is au excited state of the one-electron configuration of the donor. This state is important when it becomes the ground state. It happens when strong HΡ is applied and the shallow donor state is shifted to higher energies -following the Γ conduction band -or for heavily doped samples above the Mott transition. Wasilewski, Stradling and Dmochowski [20, 21] observed (in the photoluminescence under HΡ an one-electron state confirming the population of the D0 state as soon as its energy level is pushed below the conduction band minimum and the shallow donor level. Very recent, not yet published [22] , experimental data confirm also the existence (weak hybridization) of this well-localized D0 state when it is degenerate with CB. For GaAs:Ge D0 is located below the DX state and when HP is applied, a population of D0 can be seen.
The main difference between Figs. 1a and 1b is the type of the barrier which leads to metastability effects (the fingerprint of the DX-centers). Below we present the experimental data, mainly connected with emission and capture kinetics, which show that CD depicted in Fig. 1a corresponds to the Si-like DX-center while that in Fig. 1b to DX with a group-VI donor.
Emission energy
In Fig. 1a the top of the barrier corresponds to the maximum energy of the twoelectron state. In the first step of thermal ionization of the DX-state the system has to be excited from the ground state to an excited state of the twoelectron system. This step needs an activation energy Ee equal to the difference between the top of the energy barrier Eb and the ground state EDX * . In the next step the two electrons are emitted, but this process does not need any energy. In consequence, the emission rate corresponding to the diagram 1a should be described simply by ce = c0e exp(-Ee /kBT), where the pre-exponential factor, c0e, is temperature independent. At least, it should not contain any factor which comes from the temperature dependent density of CB states, since there is no activation to the CB states in the first step. This is the reason why the usually reported emission energies, which are evaluated with the use of a standard procedure (where a Τ2 pre-factor is assumed), differ from that marked in the diagram by the energy 2kΒT. After a necessary correction of the experimental data one can produce a "universal" Arrhenius plot [23] . In Fig. 2 the emission rate for AlGaAs:Si versus inverse temperature is plotted. The alloy splitting of the emission energy due to various cation environments (Ga or Al) of the displaced Si atom is well seen (see Sec. 5). The deep level transient spectroscopy (DLTS) data measured with the constant capacity technique by Mooney et al. [24] and the electron emission rate *The capital letter Ε is used to describe a two-electron energy while the script E represents one-electron energy. Thus EDx = 2EDx, Eb = 24, and so on. measured by Piotrzkowski et al. [25] during a warming process, after pressure induced filling of the DX-states, can be described by common parameters c0e and Ee. The latest data of Dobaczewski et al. [26] , where a Laplace analysis of the DLTS transients [27] has been done, are not presented in this figure. All these results show a well-resolved alloy splitting effect, however, the latter measurements were performed with constant voltage technique which could lead to some ambiguity. These results are shifted from the other data and we cannot easily re-evaluate them.
The thermal emission process corresponding to the diagram 1b is much more complicated. Here, the top of the barrier constitutes the crossing of the twoelectron state (D -) with the states partially (D0) or fully (D+) ionized. In the first step of thermal emission, which is activated by an emission energy, not only the excitation of local lattice vibration but also an ionization process takes place. In consequence, the emission rate should be described in much more complicated way. The emission energy is expected to depend on the CB energy. Since the latter depends on alloy composition x, pressure p, and temperature T, also the emission energy should depend on these parameters. The type of barrier involved can be tested experimentally by analyzing the influence of the εCB energy on the emission energy. It is well known that the emission energy for Si-like DX-centers in AlGaAs depends neither on the alloy composition nor on hydrostatic pressure [1, 28] . Since both composition and pressure change the energy gap, and hence the SD( -εcΒ, one can conclude that Si-like DX-centers should be described b y the barrier shown in the diagram 1a. Indeed, in this case εCB does not affect the energy of the top of the barrier Εb and a constant emission energy is expected.
DX-centers with donor of the group-VI donors exhibit other properties suggesting that for them the type of barrier shown in Fig. 1b is valid . Thus, the dependence of the emission rate on pressure and alloy composition as well as temperature dependence of both the pre-exponential factor and the emission energy (e.g. because of the temperature dependence of εDΧ -εCB) could be explained. These properties indicate that the experimental data should be very carefully analyzed when the emission rate from DX-centers induced by group-VI elements is investigated. It might explain the inconsistency obtained by us when we tried to constuct "universal" Arrhenius plot (similar to that in Fig. 2 ) using the available experimental data for tellurium doped AlGaAs [26, 29] .
Capture process
From the very beginning it was known that capture transients are very nonexponential implying a complexity of the capture process [30] [31] [32] . It is reflected in the configurational diagram, which shows the following features.
(i) There are many different paths of electron capture (see Fig. 1 wlere several possible sequences of the electron capture and lattice excitation results in the same total activation energy).
(ii) The energy needed for electron capture depends on the initial energy of the two electrons and is given by the difference between the top of the barrier Εb = 2εb and two Fermi energies 2εF. This is the main origin of the transient nonexponentiality since the quasi-Fermi energy changes during the transients. On the other hand, because of this fact it was possible to prove experimentally that two electrons are indeed captured on the DX-center. Jantsch et al. [23, 32] showed that the barrier height per one electron is two times smaller than the barrier per capture or emission event. Mosser et al. [33] measured directly the capture efficiency showing that the capture energy varies with two Fermi energies during the capture transients. Both experiments were done for Si doped AlGaAs. Diagram 1b suggests that the capture process for Te-like DX-centers is even more complicated, especially wlen the Fermi level is degenerate with the conduction band. (iii) Another source of the capture nonexponentiality are the Coulomb potential fluctuations originating from the impurity charges [30] [31] [32] . This potential acts on the localized electron states and adds to its energies, εD( , εD0 , , while the Fermi energy, εF , is uniform in space. In consequence, potential fluctuations affect also the capture energy, which is given by the difference Ecap = 2(εb -εF)*. Thus, the capture barrier varies in space while its mean value depends on the filling of DX-states by electrons [30, 31] . (iv) The alloy splitting of the energy levels (see Sec. 5) leads to a new class of kinetics where capture and emission processes occur simultaneously (see Sec. 6).
Alloy splitting
The effect of alloy splitting can be discussed from two diametrally opposed points of view. Firstly, its occurrence supplied the cucial arguments proving the correctness of the model of Chadi and Chang [14] . Recent papers report on four and seven components of the emission processes in AlGaAs samples doped with Si [24] [25] [26] [27] [28] and Te [26, 29] respectively. Secondly, the variety of DX levels and activation energies resulting from alloy splitting increases the difficulties in treating of the experimental data.
Formation of the Si-related DX-center is connected with the large lattice displacement of the donor. It moves from the substitutional site as far along one of its bonds and there are three cations in its immediate vicinity. Depending on the number of Ga/Al cations, four possible configurations can occur, which is assumed to be responsible for the fourfold split emission energy observed experimentally for Si-induced DX-center. For Te-DX center it appears that one of the cations closest to Te (Ga or Al) is forced to move in the manner described above, leading to a twofold alloy splitting. Since there are four possible configurations for the three cations in the immediate vicinity of the Te-donor, the total number of possible conflgurations is 2 x 4 = 8. The experimentally observed alloy splitting of the emission energy confirms the microscopic model of the DX-center and underlines the difference between the DX induced by group-IV and group-VI elements.
The alloy splitting of the emission energy Eem determines neither the splitting of the top of the barrier Eb (and, in consequence, the capture energy) nor *See previous note.
the splitting of the ground state of the DX-center, EDX, but only their difference. To find the total energy structure, additional data are required. The splitting of the top of the barrier could be visible in capture processes while the splitting of the ground state can be evaluated by measuring the number of electrons emitted from various sublevels at thermal equilibrium. Mooney et al. [24] and recently Su and Farmer [34] analyzed the amplitude of the DLTS peaks. In junction spectroscopy, however, it is very difficult to reach equilibrium during the filling pulse. Only the investigation of Su and Farmer [34] were performed for a wide range of filling pulses. Another set of experimental data was presented by Piotrzkowski et al. [25] . They analyzed the occupation change of the various sublevels under HP. Unfortunately, in this analysis the sublevel broadening was not considered, which leads to an error of the order of the potential fluctuation amplitude. It cannot be neglected in comparison to the alloy splitting being of the same order [30, 31] .
Looking at all the available experimental data for Si-induced DX in AlGaAs, one can conclude that the energy of the top of the barrier is very similar for all types of Si-DX centers. The estimated splitting of this energy is a few meV, i.e. less than the fluctuation of the Coulomb potential. It means that the splitting of the emission energy is determined by the splitting of the ground state energy. Unless contradicting experimental data are reported, the energy diagram presented by Wilamowski et al. [30, 31] still does not need any correction.
For Te-like DX-centers there are no systematic experimental data concerning the ground state splitting. Some indications of a splitting of the top of the barrier can be found after a reinterpretation of the two stages of photoionization transients 
Multi-stages kinetics
According to the Chadi-Chang model [14] , there are four equivalent directions of lattice distortion. This means that the DX-state and the states which constitute the top of barrier are fourfold degenerate for each type of DX-center in GaAs crystal. In alloys this degeneracy can be partially removed leading to four substates. The cucial point is that any transition between the substates of the same center, e.g. when thermalization is considered, can go only via CB, by way of emission and recapture of both electrons. This property is reflected in the very specific "many stages" [31] kinetics. During the transient, because of the change of the quasi-Fermi level or temperature, the efficiencies of the various elementary capture and emission processes change dramatically leading to a different character of the transients at various stages. Their observation constitutes a new fingerprint of the DX model. On the other hand, it can lead to misunderstanding and misinterpretation of the experimental results.
In particular, the capture rate oscillations appearing during the warming of the previously illuminated AlGaAs:Si sample [36] is a well-evidenced multistage process [30, 31, 37] . The observed oscillations are not connected with the splitting of the capture barrier but with the quantization of the emission rate which dominates the process at some stages.
The capture kinetics for Te-induced DX have not been investigated. A few years ago, however, Dobaczewski and Kaczor. [35] systematically investigated the photoionization transients in Te doped AlGaAs. They observed very characteristic nonexponential transients with specific overshoots. It is clear that such dependence can be explained when more than one stage of the process is assumed. Originally, the authors interpreted the results as a "proof' of the negative U character of the DX-center claiming that the two stages correspond to photoemission of the first and of the second electron. New data which show strong alloy splitting of the emission energy, done also by Dobaczewski et al. [26] , indicate now a new possibility of interpretation of the old photoionization results [35] . A preliminary analysis shows that the characteristic family of transients can originate from alloy splitting of the top and of the ground state of the DX-center. If one assumes that the substate which is characterized by a smaller emission energy has a higher lying ground state and a lower top of the barrier, then it is clear that the pho toemisssion process consists of two stages. In the first stage photoionization of the lower ground state takes place, the quasi-Fermi energy increases making recapture process possible. But the recapture on the state, characterized by a lower top of the barrier and a higher ground state, is more effective. Thus, the second stage corresponds to an approaching of a steady state related to an equilibrium between electron photoemission and recapture on the upper ground state. It is difficult to make any conclusion when quantitative description has not been made. The suggestion, however, that the energy of the top of the barrier for DX-centers induced by group-VI elements strongly depends on the replaced cation (Al or Ga) seems to be interesting to consider.
Conclusions
Concluding, it seems that the Si-induced DX is well described by the CD shown in Fig. 1a, i .e. that Si-DX is the twoelectron state characterized by large lattice relaxation. Thus, the microscopic model of Chadi and Chang [14] and the calculations of Dabrowski et al. [15] are well confirmed experimentally. For group-VI donors the nature of the DX-center is similar to that of Si-DX but the detailed picture is not so clear. We hope that an analysis of the new experimental data by means of the proposed diagram 1b would help to clarify the picture, provided that all the specific features of the DX-centers are taken into account.
